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Abstract 
The application of ultrasound during crystallisation (sonocrystallisation) can influence the crystal 
size and morphology as well as the rate of crystallisation. However, crystallisation and acoustic 
cavitation are two complex dynamic systems and when coupled together in this manner the 
complexity is compounded.  For this reason, much is still unknown regarding how these 
processes interact. In this study, both the crystallisation process and cavitation activity were 
investigated as a function of frequency (22 kHz -1080 kHz) and acoustic power (0 - 30 W).  It 
was found that the onset of cavitation activity, irrespective of the magnitude (measured in terms 
of sonoluminescence), enhanced the crystal nucleation rate and decreased crystal size. However, 
a correlation was observed between the minimum crystal size obtained and total cavitation 
activity. This minimum size decreased at lower frequencies, reflecting the greater collapse 
intensity. In addition, photographs of the sonocrystallisation process is reported to show further 
evidence linking strong cavitation activity with crystal nucleation. 
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1. Introduction 
Acoustic cavitation refers to the ultrasound induced growth and collapse of a bubble in a liquid.  
These bubbles stem from existing gas nuclei that have been forced to oscillate and grow in size 
when the applied acoustic pressure surpasses a certain threshold[1]. Once the bubble reaches a 
certain critical size range (active bubbles), they begin to oscillate nonlinearly and undergo 
violent transient collapse, generating extreme temperature and pressure within the bubble 
core[2]. It is these intense conditions that have allowed these cavitation bubbles to facilitate a 
number of applications[3-6].  
One application is the use of ultrasound in crystallisation processes known as sonocrystallisation, 
which has been shown to exhibit positive effects on crystal nucleation rate, metastable zone 
width and crystal growth[7-15].  Recent reports have shown that ultrasound can also selectively 
crystallise specific polymorphs which are otherwise unstable[16-18], as well as reduce striation 
in crystals[8, 19]. Although various explanations have been proposed[12, 15, 20-25], the exact 
mechanism behind sonocrystallisation is a difficult issue to resolve.  This is largely due to the 
chaotic and dynamic nature of the system where complex bulk and localised effects such as fluid 
shear, pressure variations, bubble streamers and fast oscillating bubble surfaces can have 
significant influence on crystal nucleation. Nevertheless, practically all theories reach the same 
consensus that cavitation bubbles are the direct cause of ultrasound induced crystallisation[20-
23, 26, 27]. To the authors’ knowledge only one report[28] has claimed the onset of fat 
crystallisation by 1.5 MHz ultrasound at a power level where no transient cavitation signals were 
detected by the hydrophone and the calculated mechanical index was below the transient 
cavitation threshold.   
The intensity of cavitation activity can be quantified by varying both acoustic power and 
frequency. It has been shown that cavitation activity, which can be quantified by either 
sonoluminescence or sonochemical activity, increases with increasing power and frequency, but 
decreases at excessive powers and high frequencies[29-33].  If sonocrystallisation is related to 
cavitation activity, then one would expect to observe a similar dependence of sonocrystallisation 
upon power and frequency, but there appears to be conflicting reports in the current literature.  
Kordylla et al.[11] examined the effect of 355.5 kHz and 1046 kHz on the crystallisation of 
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dodecandioic acid in different solvents. They found the metastable zone width decreased with 
increasing power, with 355.5 kHz giving the narrowest metastable zone width.  Wohlgemuth et 
al.[34] studied the crystallisation of adipic acid and found 355.5 kHz to give only a slightly better 
metastable zone width and smaller crystal size distribution compared to 204 kHz and 610 kHz 
ultrasound.  More recently Nii et al.[14] reported the enhancement in crystal growth of glycine 
with 1.6 MHz ultrasound and found the growth rate (and crystal size) to be proportional to 
power. This is in contrast to the results  reported by Louhi-Kultanen et al. [35] where 20 kHz 
horn irradiation decreased the glycine crystal size.  From these investigations, the reported 
frequency effects appear to vary significantly from study to study. This might be attributed to the 
limited frequency range investigated and also difficulties in comparing results produced by 
different systems/configurations. Lee et al.[13] reported a systematic study comparing crystals 
produced by an ultrasonic horn to that produced by plate transducers with frequencies ranging 
from 22 kHz to 647 kHz at a fixed calorimetric power of 20 W. It was found that high frequency 
ultrasound was capable of inducing crystallisation and reducing crystal size comparable to that 
obtained by an ultrasonic horn at a lower frequency[13], but no significant frequency effect was 
observed.  Whereas a recent report by Jordens et al.[36], using a much lower power of 8 W, 
revealed an optimum frequency of 41 kHz for crystallisation of paracetamol.  Although a broad 
range of frequencies were studied in these two reports, only one power level was studied and 
they were very different in the two reports. A systematic study into both frequency and power is 
required to investigate the effect they have on the crystallisation process, as well as to clarify the 
impact of cavitation activity on sonocrystallisation. 
 
 
2. Materials and methods 
2.1 Materials 
 
Sodium chloride (NaCl, 99.5 %) was purchased from Merck and 100 % absolute ethanol was 
purchased from Chem-Supply. They were used as received without any further purification.  All 
solutions were prepared using purified water with resistivity greater than 18.2 MΩ cm. 
Anti-solvent crystallisation experiments were performed in a glass cell with an ultrasound 
transducer located at the bottom. A Langevin type multi-frequency transducer of diameter 4.5 cm 
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(resonance frequencies: 22 kHz, 44 kHz, 98 kHz  and 139 kHz, Honda Electric) and a piezo-
electric ceramic plate transducer of 5.5 cm (647 kHz and 1080 kHz, L-3 Communications ELAC 
Nautik GmbH) were used. The transducers were powered by a T&C Power Conversion, Inc. 
Amplifier (AG series). The actual power dissipated into the solution was determined using a 
standard calorimetric technique[37]. 
The crystallisation procedure and setup are illustrated in Figure 1. At first 150 g of 100 % 
ethanol (17.1 M) was weighed and transferred into a glass cell. This was followed by the 
addition of 15 g of 200 g/L (3.4 M) NaCl aqueous solution. The addition of the NaCl was 
performed by simply pouring the solution into the cell containing the antisolvent (addition time 
is less than 2 seconds). This procedure was performed independently at least three times to 
ensure reproducibility.  The solution was allowed to crystallise for 90 seconds before it was 
transferred into a particle size analyzer for particle size distribution analysis. Turbidity 
measurements have confirmed that the system has reached equilibrium in 30seconds. 
 
 
2.2 Induction time 
For induction measurements an overhead stirrer operating at 100 rpm was used to ensure the 
solution was well mixed and NaCl crystals remained in suspension. All experiments were 
performed at an initial temperature of 20 ± 0.5 
o
C. The turbidity of the solution was measured as 
a function of time using a fibre-optic turbidity probe (Crystal eyes, H.E.L) and the induction time 
determined by the time lapse between the addition of the NaCl stock solution and the onset of 
turbidity. The turbidity can be affected by the initial degassing of ethanol with the addition of 
concentrated salt solution and cavitation bubbles from ultrasound. Therefore, the onset of 
turbidity was determined by extrapolating the slope of the initial linear rise in the turbidity back 
to the initial turbidity of the ethanol solution prior to the addition of salt solution.   
 
2.3 Particle size distribution 
The particle size distribution was determined using a Malvern Mastersizer 2000 Laser diffraction 
system (Malvern Instruments Ltd, Malvern, UK). A refractive index of 1.52 for NaCl crystals 
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and 1.36 for ethanol was used. Particle size distribution was taken as an average of three 
measurements and the volume mean particle diameter (D [4, 3]) was obtained.  
 
 
2.4 Sonoluminescence experiments 
In another sequence of experiments, the sonoluminescence intensity at each power and frequency 
was determined. Ethanol is known to quench sonoluminescence (SL)[38], therefore water was 
used as the sonication medium in these experiments. Cavitation activity has been shown to vary 
with liquid height[39], therefore to ensure that the liquid height remained the same as that used 
in the crystallization experiments, an equivalent volume of 200 mL of water was used. The 
intensity of the SL was measured using a Hamamatsu end-on photomultiplier tube (PMT; model: 
R647-04), connected to a Canberra high voltage supply (model: 2003) set at 500 V, positioned at 
a fixed height of 4.5 cm above the liquid surface. Both the cell and the PMT were housed in a 
light-proof enclosure to avoid interference from external light. The output signal from the PMT 
was displayed on a digital oscilloscope (Tektronix, model No. TDS 320). The SL intensity was 
averaged over 256 acquisitions to increase signal to noise ratio and recorded once the SL 
intensity reached a steady state, which was less than a minute.  For the 1080 kHz transducer, the 
SL intensity for acoustic powers less than 35 W fell below the detection limit of the system. In 
this case, the high voltage supply to the PMT was increased to 1000 V and the detection point 
was brought closer, to 2 cm above the liquid surface
*
. The amplification at this new setting was 
determined by repeating experiments above 35 W to obtain SL intensity at both settings. The SL 
intensity for 1080 kHz at low powers was then corrected by this amplification factor, to allow a 
direct comparison to other frequencies. 
 
 
 
3. Results  
                                                 
*
 This might explain the report by Arends et al.[28] B.J. Arends, R.A. Blindt, J. Janssen, M. Patrick, Crystallisation 
process using ultrasound, in: U. States (Ed.), Lipton, Division of Conopco, Inc., United States, 2002, pp. 1-7, [28] 
ibid. where fat crystallisation occurred even though no cavitation emission was detected. It is plausible that the 
cavitation events were too small to be detected by the hydrophone. As indicated, the SL intensity at 1080 kHz was 
extremely low and a higher amplification had to be used. 
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3.1 Influence of frequency 
The volume mean particle size of NaCl crystals obtained under sonication at a calorimetric 
power of 20 W across a range of frequencies is shown in Figure 2.  The crystal size formed under 
sonication is 83 - 95 % smaller compared to that without sonication.  As previously reported, 
there appears to be no obvious trend for frequencies up to 647 kHz[13]. However, a further 
increase in the frequency to 1080 kHz resulted in a smaller mean particle size; only 61 % of that 
obtained in the absence of ultrasound. 
Despite the very small changes in the volume mean particle size observed, the size distribution 
profiles (Figure 3) reveal a noticeable trend as ultrasound frequency is increased. The crystal size 
distribution shifts to smaller sizes as the ultrasound frequency is increased from 22 kHz to 44 
kHz (Figure 3 (a)). Indeed, the crystal size distribution for 44 kHz has a very similar particle size 
distribution as that obtained by a 20 kHz horn operating at the same calorimetric power (20 W).  
Although the calorimetric power is the same, the ultrasonic horn is in fact emitting at a higher 
acoustic intensity of 9.8 W/cm
2
 compared to 2.8 W/cm
2
 for the plate transducers.  This is due to 
the plate transducers having a larger emitting surface area.  The result differs from previously 
published report for filtered crystals which exhibited no significant change in the particle size 
distribution profile for different frequencies up to 647 kHz[13].  As indicated in reference
[13]
 the 
filtering process resulted in the aggregation of crystals making it difficult to re-disperse them in 
ethanol for particle size analysis. In this study, the sample sizes were analysed immediately 
without filtering and drying, thus allowing small differences in the particle size to be detected.  
In light of this new information, further investigation on varying power for each frequency was 
conducted. 
 
3.2 Influence of power 
Figure 4 shows the variation in the volume mean particle size with increasing power for different 
frequencies. For 22, 48 and 98 kHz, this graph shows an initial sharp decrease in the crystal size 
with increasing power, followed by a plateau where the crystal size becomes invariant to any 
further increment in power. In addition, for frequencies 647 kHz and 1080 kHz, there appears to 
be an initial threshold power that needs to be overcome before there is any reduction in the 
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crystal size.  To compare the effectiveness of various frequencies at reducing the crystal size, the 
power to achieve 50 % reduction in crystal size and the minimum size obtained is tabulated in 
Table 1.  The data reveal an optimum frequency of 44 kHz and 98 kHz where the power to 
achieve 50 % size reduction is the lowest. Although the minimum crystal size reached is very 
similar for all frequencies, except for 1080 kHz, the size distributions shown in Figure 3 and 
Figure 5 suggest that 44 kHz gives the smallest crystal size. A similar optimum frequency was 
also reported by Jordens et al.[36]. 
 
3.3 Cavitation Activity 
There are various theories proposed in the literature as to the mechanism behind ultrasound 
initiated crystallisation.  However, most agree that the effect of ultrasound during crystallisation 
is not due to the sound waves per se, but to the effect caused by cavitation bubbles. 
Sonoluminescence (SL) can be used as a probe for detecting the onset of cavitation activity. 
Shown in Figure 6 are the SL intensities as a function of power under various frequencies.  
Although the SL intensities were obtained for water, it is assumed that the observed relative 
changes in the cavitation activity as a function of power for a given frequency in water would 
apply for 90.9 wt % ethanol. The dependence of SL intensity on power and frequency in Figure 6 
are consistent with previous reports[29, 32, 33].  The particle volume mean diameters are also 
shown in this figure for comparison. There exist a strong alignment between the power threshold 
for SL activity and the power threshold for particle size reduction for frequencies 647 kHz and 
1080 MHz.  Furthermore, for all frequencies, the decrease in the particle size coincides with the 
observed increase in the SL intensity as a function of power.  However, as illustrated in Figure 7, 
there does not appear to be a correlation between the magnitude of SL intensity and the reduction 
in the mean particle size, with the exception of the final particle size obtained at each frequency, 
which appears to decrease with increasing SL intensity as indicated by the dotted line. 
The relative rates of nucleation and growth of crystals is inversely proportional to the induction 
time[40], which  can be determined by measuring the time interval between creation of 
supersaturation condition and occurrence of detectable crystals. Figure 8 shows that the 
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induction time under various acoustic powers at a particular frequency is strongly correlated with 
a decrease in the volume mean diameter.  
 
4. Discussion 
The decrease in the crystal size as a function of acoustic power can be attributed to the increasing 
shear forces restricting the growth of crystals once it is nucleated. However, results presented in 
Figure 8 indicate that the reduction in the crystal size as a function of acoustic power, for all 
frequencies, is brought about by the enhancement in the nucleation rate.  To understand the 
different effects that frequency and power has on the nucleation rate, one needs to consider the 
magnitude of cavitation activity occurring under these conditions. 
 
The cavitation activity can be quantified by the total SL intensity, which is related to both the 
collapse intensity (proportional to the ratio of maximum bubble size reached to the ambient 
bubble radius, Rmax/Ro) and the number of the individual SL bubbles. In general, as the acoustic 
power increases bubbles at the pressure antinodes will grow to a critical size for the bubble to 
gain sufficient inertial energy during the collapse phase to generate SL[2, 41].  The ratio of 
Rmax/Ro and SL intensity will both rise with increasing power.  The range of bubble sizes that can 
generate SL also widens with increasing power[41].   
 
As frequency increases, the wavelength of sound wave becomes shorter which can effectively 
increase the number of antinodes and hence increase the population of SL bubbles[29]. On the 
other hand, the period of the sound wave is shorter, this causes the bubble to expand less 
(resulting in smaller ratio of Rmax/Ro) and hence a weaker collapse intensity, resulting in a milder 
emission of SL[41].  As a consequence of this, higher frequencies have a greater inertial 
cavitation threshold as illustrated by the power threshold observed in Figure 6.  The range of 
bubble sizes capable of undergoing SL also becomes narrower with increasing frequencies[41, 
42].  It is this balance between the increase in the number of bubbles and the decrease in the 
range of bubble sizes capable of  transient inertial collapse[41] that gives rise to the maximum 
SL intensity observed at 98 kHz.  It is important to note that the SL measurements were 
performed in water and the crystallisation experiments in 90.9 wt % ethanol (after the addition of 
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aqueous salt solution). It is not possible to quantify the cavitation activity in ethanol via SL 
measurements due to quenching effects[38], however it is assumed that the variations in transient 
cavitation activity as a function of power and frequency will be proportional to the relative 
variations observed for SL intensity in water. 
 
Although 44 and 98 kHz are most favourable in terms of energy input according to Table 1, 
Figure 7 shows that a 50 % reduction in the particle size can be achieved at SL intensities from a 
low of 0.05 mV at 1080 kHz to a high of 500 mV for 98 kHz. This result indicates that it is the 
onset of cavitation activity, irrespective of the intensity of collapse that enhances nucleation rate 
and decreases the crystal size.   
 
However, the final crystal size reached for each frequency (indicated by the dotted line) 
decreases in the order of 1080 kHz > 647 kHz > 22 kHz > 98 kHz. Further, as shown in Figure 8, 
at any particular frequency, the crystal size is strongly correlated to the acoustic power and the 
induction time. This suggests that the number and collapse intensity of the cavitating bubbles 
does play a role in determining this size. In turn, this may relate to changes in the shear forces 
present in the solution during cavitation. The importance of cavititation bubbles is illustrated by 
a series of images captured of cavitation zones leading to crystal nucleation (Figure 9). 
 
5. Conclusion 
In this study, both the size of NaCl crystals and sonoluminescence (SL) intensity were measured 
as a function of ultrasound frequency and power. The mean particle size was found to decrease 
sharply as a function of power for frequencies 22-139 kHz. At frequencies 647 kHz and 
1080 kHz, particle size decreased only when the power level exceeded a certain threshold. This 
threshold coincided with the power threshold for SL activity.  However, no correlation between 
the SL intensity and the reduction in the crystal size was observed. It is thus concluded that the 
onset of cavitation activity, irrespective of its magnitude, is capable of enhancing the crystal 
nucleation rate and cause a decrease in the size of crystals formed.  However, the minimum 
crystal size obtained was found to be proportional to the intensity of cavitation activity 
generated, possibly reflecting changes in the shear intensity within the fluid.  The results 
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demonstrated that the nucleation rate can be enhanced by ultrasound at very low acoustic powers 
and is most effective at frequencies between 44 kHz - 98 kHz. 
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Table 1: Power to achieve 50 % reduction to crystal size and minimum crystal size 
obtained for various frequencies.  
Frequency [kHz] Power at 50% size reduction [W] Minimum Size [µm] 
22 1.8 15.0 ± 1.3 
44 0.8 8.3 ± 1.4 
98 0.8 7.2 ± 0.1 
139 1.6 11.3 ± 1.1 
647 3.0 13.3 ± 0.6 
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1080 10.8 30.2 ± 1.7 
 
 
 
 
 
 
 
 
 
 
 
Figure Captions 
Figure 1: Schematic of the crystallisation procedure employed in this investigation. 
Figure 2: Volume mean particle size for various ultrasound frequencies. 
Figure 3: Particle size distribution for (a) frequencies below 44 kHz and (b) frequencies 
from 44 kHz to 1.08 MHz. The size distribution for no US is shown for comparison. 
Figure 4: Effect of ultrasound frequency and power on volume mean diameter of NaCl 
crystals. The lines are drawn to guide the eye. 
Figure 5: Particle size distribution with increasing ultrasound power for frequencies 
22 kHz, 44 kHz, 647 kHz and 1.08 MHz. 
Figure 6: Sonoluminescence intensity (■) as a function of power for different frequencies. 
The change in the volume mean diameter (■) is added for comparison. 
Figure 7: Plot of volume mean particle diameter as a function of SL intensity. The dotted 
line indicates the minimum particle size and SL intensity reached for each frequency. 
Figure 8: Induction time plotted as a function of volume mean diameter, obtained for 
different acoustic pressures at a frequency of 98 kHz. 
Figure 9: Images of sodium chloride crystals nucleated by cavitation bubbles: (a) a cluster 
of cavitating bubbles leaving a trail of fine NaCl crystals (33.1 kHz),  (b) closeup of the 
bubble cluster in (a) , (c) collision between approaching bubbles (indicated by the arrows) 
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in frame 1 and collision of the bubbles leading to nucleation in frame 7 (22 kHz), (d) and (e) 
show nucleation at the pressure antinodes for 44 kHz and 139 kHz, respectively. 
 
 
 
 
 
 
 
 
 
Figure 1: Schematic of the crystallisation procedure employed in this investigation. 
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Figure 2: Volume mean particle size for various ultrasound frequencies. 
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Figure 3: Particle size distribution for (a) frequencies below 44 kHz and (b) frequencies from 
44 kHz to 1.08 MHz. The size distribution for no US is shown for comparison. 
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Figure 4: Effect of ultrasound frequency and power on volume mean diameter of NaCl crystals. 
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Figure 5: Particle size distribution with increasing ultrasound power for frequencies 22 kHz, 
44 kHz, 647 kHz and 1.08 MHz. 
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Figure 6: Sonoluminescence intensity (■) as a function of power for different frequencies. The 
change in the volume mean diameter (■) is added for comparison. 
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Figure 7: Plot of volume mean particle diameter as a function of SL intensity. The dotted line 
indicates the minimum particle size and SL intensity reached for each frequency.  
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Figure 8: Induction time plotted as a function of volume mean diameter, obtained for different 
acoustic pressures at a frequency of 98 kHz. 
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